BACKLIT DISPLAY WITH IMPROVED DYNAMIC RANGE 

5 CROSS-REFERENCE TO RELATED APPLICATIONS 
Not applicable. 

BACKGROUND OF THE INVENTION 

The present invention relates to backlit displays and, more particularly, to a 
1 0 backlit display with improved dynamic range. 

The local transmittance of a liquid crystal display (LCD) panel or a liquid 
crystal on silicon (LCOS) display can be varied to modulate the intensity of light 
:S passing from a backlit source through an area of the panel to produce a pixel that 

can be displayed at a variable intensity. Whether light from the source passes 
1 5 through the panel to an observer or is blocked is determined by the orientations of 
molecules of liquid crystals in a light valve. 

Since liquid crystals do not emit light, a visible display requires an external 
light source. Small and inexpensive LCD panels often rely on light that is reflected 
back toward the viewer after passing through the panel. Since the panel is not 
20 completely transparent, a substantial part of the light is absorbed during its transits 
of the panel and images displayed on this type of panel may be difficult to see 
except under the best lighting conditions. On the other hand, LCD panels used 
for computer displays and video screens are typically backlit with flourescent 
tubes or arrays of light-emitting diodes (LEDs) that are built into the sides or back 
25 of the panel. To provide a display with a more uniform light level, light from these 
point or line sources is typically dispersed in a diffuser panel before impinging on 
the light valve that controls transmission to a viewer. 

The transmittance of the light valve is controlled by a layer of liquid crystals 
interposed between a pair of polarizers. Light from the source impinging on the 
30 first polarizer comprises electromagnetic waves vibrating in a plurality of planes. 
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Only that portion of the light vibrating in the plane of the optical axis of a polarizer 
can pass through the polarizer. In an LCD the optical axes of the first and second 
polarizers are arranged at an angle so that light passing through the first polarizer 
would normally be blocked from passing through the second polarizer in the 
5 series. However, a layer of translucent liquid crystals occupies a cell gap 

separating the two polarizers. The physical orientation of the molecules of liquid 
crystal can be controlled and the plane of vibration of light transiting the columns 
of molecules spanning the layer can be rotated to either align or not align with the 
optical axes of the polarizers. 
1 0 The surfaces of the first and second polarizers forming the walls of the cell 

gap are grooved so that the molecules of liquid crystal immediately adjacent to the 
© cell gap walls will align with the grooves and, thereby, be aligned with the optical 

g axis of the respective polarizer. Molecular forces cause adjacent liquid crystal 

^ molecules to attempt to align with their neighbors with the result that the 

|* 1 5 orientation of the molecules in the column spanning the cell gap twist over the 
f length of the column. Likewise, the plane of vibration of light transiting the column 

¥■ of molecules will be "twisted" from the optical axis of the first polarizer to that of 

© tne second polarizer. With the liquid crystals in this orientation, light from the 

• h 

Jsj( source can pass through the series polarizers of the translucent panel assembly to 

M< 20 produce a lighted area of the display surface when viewed from the front of the 
panel. 

To darken a pixel and create an image, a voltage, typically controlled by a 
thin film transistor, is applied to an electrode in an array of electrodes deposited 
on one wall of the cell gap. The liquid crystal molecules adjacent to the electrode 

25 are attracted by the field created by the voltage and rotate to align with the field. 
As the molecules of liquid crystal are rotated by the electric field, the column of 
crystals is "untwisted," and the optical axes of the crystals adjacent the cell wall 
are rotated out of alignment with the optical axis of the corresponding polarizer 
progressively reducing the local transmittance of the light valve and the intensity of 

30 the corresponding display pixel. Color LCD displays are created by varying the 
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intensity of transmitted light for each of a plurality of primary color elements 
(typically, red, green, and blue) that make up a display pixel. 

LCDs can produce bright, high resolution, color images and are thinner, 
lighter, and draw less power than cathode ray tubes (CRTs). As a result, LCD 
usage is pervasive for the displays of portable computers, digital clocks and 
watches, appliances, audio and video equipment, and other electronic devices. 
On the other hand, the use of LCDs in certain "high end markets," such as 
medical imaging and graphic arts, is frustrated, in part, by the limited ratio of the 
luminance of dark and light areas or dynamic range of an LCD. The luminance of 
a display is a function the gain and the leakage of the display device. The primary 
factor limiting the dynamic range of an LCD is the leakage of light through the LCD 
from the backlight even though the pixels are in an "off' (dark) state. As a result of 
leakage, dark areas of an LCD have a gray or "smoky black" appearance instead 
of a solid black appearance. Light leakage is the result of the limited extinction 
ratio of the cross-polarized LCD elements and is exacerbated by the desirability of 
an intense backlight to enhance the brightness of the displayed image. While 
bright images are desirable, the additional leakage resulting from usage of a more 
intense light source adversely affects the dynamic range of the display. 

The primary efforts to increase the dynamic range of LCDs have been 
directed to improving the properties of materials used in LCD construction. As a 
result of these efforts, the dynamic range of LCDs has increased since their 
introduction and high quality LCDs can achieve dynamic ranges between 250:1 
and 300:1. This is comparable to the dynamic range of an average quality CRT 
when operated in a well-lit room but is considerably less than the 1000:1 dynamic 
range that can be obtained with a well-calibrated CRT in a darkened room or 
dynamic ranges of up to 3000:1 that can be achieved with certain plasma 
displays. 

Image processing techniques have also been used to minimize the effect of 
contrast limitations resulting from the limited dynamic range of LCDs. Contrast 
enhancement or contrast stretching alters the range of intensity values of image 



pixels in order to increase the contrast of the image. For example, if the 
difference between minimum and maximum intensity values is less than the 
dynamic range of the display, the intensities of pixels may be adjusted to stretch 
the range between the highest and lowest intensities to accentuate features of the 
image. Clipping often results at the extreme white and black intensity levels and 
frequently must be addressed with gain control techniques. However, these 
image processing techniques do not solve the problems of light leakage and the 
limited dynamic range of the LCD and can create imaging problems when the 
intensity level of a dark scene fluctuates. 

Another image processing technique intended to improve the dynamic 
range of LCDs modulates the output of the backlight as successive frames of 
video are displayed. If the frame is relatively bright, a backlight control operates 
the light source at maximum intensity, but if the frame is to be darker, the 
backlight output is attenuated to a minimum intensity to reduce leakage and 
darken the image. However, the appearance of a small light object in one of a 
sequence of generally darker frames will cause a noticeable fluctuation in the light 
level of the darker images. 

What is desired, therefore, is a liquid crystal display having an increased 
dynamic range. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a liquid crystal display (LCD). 

FIG. 2 is a schematic diagram of a driver for modulating the illumination of 

a plurality of light source elements of a backlight. 
FIG. 3 is a flow diagram of a first technique for increasing the dynamic 

range of an LCD. 

FIG. 4 is a flow diagram of a second technique for increasing the dynamic 
range of an LCD. 

FIG. 5 is a flow diagram of a third technique for increasing the dynamic 
range of an LCD. 



DETAILED DESCRIPTION OF THE INVENTION 

Referring to FIG. 1 , a backlit display 20 comprises, generally, a 
backlight 22, a diffuser 24, and a light valve 26 (indicated by a bracket) that 
controls the transmittance of light from the backlight 22 to a user viewing an image 
displayed at the front of the panel 28. The light valve, typically comprising a liquid 
crystal apparatus, is arranged to electronically control the transmittance of light for 
a picture element or pixel. Since liquid crystals do not emit light, an external 
source of light is necessary to create a visible image. The source of light for small 
and inexpensive LCDs, such as those used in digital clocks or calculators, may be 
light that is reflected from the back surface of the panel after passing through the 
panel. Likewise, liquid crystal on silicon (LCOS) devices rely on light reflected from 
a backplane of the light valve to illuminate a display pixel. However, LCDs absorb 
a significant portion of the light passing through the assembly and an artificial 
source of light such as the backlight 22 comprising flourescent light tubes or an 
array of light sources 30 (e.g., light-emitting diodes (LEDs)), as illustrated in 
FIG. 1 , is necessary to produce pixels of sufficient intensity for highly visible 
images or to illuminate the display in poor lighting conditions. There may not be a 
light source 30 for each pixel of the display and, therefore, the light from the point 
or line sources is typically dispersed by a diffuser panel 24 so that the lighting of 
the front surface of the panel 28 is more uniform. 

Light radiating from the light sources 30 of the backlight 22 comprises 
electromagnetic waves vibrating in random planes. Only those light waves 
vibrating in the plane of a polarizer's optical axis can pass through the polarizer. 
The light valve 26 includes a first polarizer 32 and a second polarizer 34 having 
optical axes arrayed at an angle so that normally light cannot pass through the 
series of polarizers. Images are displayable with an LCD because local regions of 
a liquid crystal layer 36 interposed between the first 32 and second 34 polarizer 
can be electrically controlled to alter the alignment of the plane of vibration of light 
relative of the optical axis of a polarizer and, thereby, modulate the transmittance 



of local regions of the panel corresponding to individual pixels 36 in an array of 
display pixels. 

The layer of liquid crystal molecules 36 occupies a cell gap having walls 
formed by surfaces of the first 32 and second 34 polarizers. The walls of the cell 
5 gap are rubbed to create microscopic grooves aligned with the optical axis of the 
corresponding polarizer. The grooves cause the layer of liquid crystal molecules 
adjacent to the walls of the cell gap to align with the optical axis of the associated 
polarizer. As a result of molecular forces, each succeeding molecule in the 
column of molecules spanning the cell gap will attempt to align with its neighbors. 
10 The result is a layer of liquid crystals comprising innumerable twisted columns of 
liquid crystal molecules that bridge the cell gap. As light 40 originating at a light 
JJ source element 42 and passing through the first polarizer 32 passes through each 

O translucent molecule of a column of liquid crystals, its plane of vibration is 

sj "twisted" so that when the light reaches the far side of the cell gap its plane of 

H 1 5 vibration will be aligned with the optical axis of the second polarizer 34. The 

light 44 vibrating in the plane of the optical axis of the second polarizer 34 can 
l A pass through the second polarizer to produce a lighted pixel 38 at the front 

I* surface of the display 28. 

J To darken the pixel 38, a voltage is applied to a spatially corresponding 

J*J 20 electrode of a rectangular array of transparent electrodes deposited on a wall of 
the cell gap. The resulting electric field causes molecules of the liquid crystal 
adjacent to the electrode to rotate toward alignment with the field. The effect is to 
"untwist" the column of molecules so that the plane of vibration of the light is 
progressively rotated away from the optical axis of the polarizer as the field 
25 strength increases and the local transmittance of the light valve 26 is reduced. As 
the transmittance of the light valve 26 is reduced, the pixel 38 progressively 
darkens until the maximum extinction of light 40 from the light source 42 is 
obtained. Color LCD displays are created by varying the intensity of transmitted 
light for each of a plurality of primary color elements (typically, red, green, and 
30 blue) elements making up a display pixel. 
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The dynamic range of an LCD is the ratio of the luminous intensities of 
brightest and darkest values of the displayed pixels. The maximum intensity is a 
function of the intensity of the light source and the maximum transmittance of the 
light valve while the minimum intensity of a pixel is a function of the leakage of 
5 light through the light valve in its most opaque state. Since the extinction ratio, the 
ratio of input and output optical power, of the cross-polarized elements of an LCD 
panel is relatively low, there is considerable leakage of light from the backlight 
even if a pixel is turned "off." As a result, a dark pixel of an LCD panel is not solid 
black but a "smoky black" or gray. While improvements in LCD panel materials 
10 have increased the extinction ratio and, consequently, the dynamic range of light 
and dark pixels, the dynamic range of LCDs is several times less than available 
I* with other types of displays. In addition, the limited dynamic range of an LCD can 

!gj limit the contrast of some images. The current inventor concluded that the 

O primary factor limiting the dynamic range of LCDs is light leakage when pixels are 

15 darkened and that the dynamic range of an LCD can be improved by spatially 
J* modulating the output of the panel's backlight to attenuate local luminance levels 

in areas of the display that are to be darker. The inventor further concluded that 
combining spatial and temporal modulation of the illumination level of the backlight 
j| would improve the dynamic range of the LCD while limiting demand on the driver 

Q 20 of the backlight light sources. 

y. 

In the backlit display 20 with extended dynamic range, the backlight 22 
comprises an array of locally controllable light sources 30. The individual light 
sources 30 of the backlight may be light-emitting diodes (LEDs), an arrangement 
of phosphors and lensets, or other suitable light-emitting devices. The individual 
25 light sources 30 of the backlight array 22 are independently controllable to output 
light at a luminance level independent of the luminance level of light output by the 
other light sources 

so that a light source can be modulated in response to the luminance of the 
corresponding image pixel. Referring to FIG. 2, the light sources 30 (LEDs 
30 illustrated) of the array 22 are typically arranged in the rows, for examples, 
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rows 50a and 50b, (indicated by brackets) and columns, for examples, 
columns 52a and 52b (indicated by brackets) of a rectangular array. The output 
of the light sources 30 of the backlight are controlled by a backlight driver 53. The 
light sources 30 are driven by a light source driver 54 that powers the elements by 
5 selecting a column of elements 52a or 52b by actuating a column selection 
transistor 55 and connecting a selected light source 30 of the selected column to 
ground 56. A data processing unit 58, processing the digital values for pixels of 
an image to be displayed, provides a signal to the light driver 54 to select the 
appropriate light source 30 corresponding to the displayed pixel and to drive the 
1 0 light source with a power level to produce an appropriate level of illumination of 
the light source. 

O To enhance the dynamic range of the LCD, the illumination of a light 

;S source, for example light source 42, of the backlight 22 is varied in response to 

SI the desired lumination of a spatially corresponding display pixel, for example 

j* 15 P' xel 38. Referring to FIG. 3, in a first dynamic range enhancement technique 70, 
# the digital data describing the pixels of the image to be displayed are received 

i* from a source 72 and transmitted to an LCD driver 74 that controls the operation 

q of 'ight valve 26 and, thereby, the transmittance of the local region of the LCD 

SO corresponding to a display pixel, for example pixel 38. 

I* 20 A data processing unit 58 extracts the luminance of the display pixel from 

the pixel data 76 if the image is a color image. For example, the luminance signal 
can be obtained by a weighted summing of the red, green, and blue (RGB) 
components of the pixel data (e.g., 0.33R + .57G + 0.1 1B). If the image is a 
black and white image, the luminance is directly available from the image data and 

25 the extraction step 76 can be omitted. The luminance signal is low-pass 

filtered 78 with a filter having parameters determined by the illumination profile of 
the light source 30 as affected by the diffuser 24 and properties of the human 
visual system. Following filtering, the signal is subsampled 80 to obtain a light 
source illumination signal at spatial coordinates corresponding to the light 

30 sources 30 of the backlight array 22. As the rasterized image pixel data are 
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sequentially used to drive 74 the display pixels of the LCD light valve 26, the 
subsampled luminance signal 80 is used to output a power signal to the light 
source driver 82 to drive the appropriate light source to output a luminance level 
according a relationship between the luminance of the image pixel and the 
luminance of the light source. Modulation of the backlight light sources 30 
increases the dynamic range of the LCD pixels by attenuating illumination of 
"darkened" pixels while the luminance of a "fully on" pixel is unchanged. 

Spatially modulating the output of the light sources 30 according to the 
sub-sampled luminance data for the display pixels extends the dynamic range of 
the LCD but also alters the tonescale of the image and may make the contrast 
unacceptable. Referring to FIG. 4, in a second technique 90 the contrast of the 
displayed image is improved by rescaling the sub-sampled luminance signal 
relative to the image pixel data so that the illumination of the light source 30 will be 
appropriate to produce the desired gray scale level at the displayed pixel. In the 
second technique 90 the image is obtained from the source 72 and sent to the 
LCD driver 74 as in the first technique 70. Likewise, the luminance is extracted, if 
necessary, 76, filtered 78 and subsampled 80. However, reducing the illumination 
of the backlight light source 30 for a pixel while reducing the transmittance of the 
light valve 26 alters the slope of the grayscale at different points and can cause 
the image to be overly contrasty (also known as the point contrast or gamma). To 
avoid undue contrast the luminance sub-samples are rescaled 92 to provide a 
constant slope grayscale. 

Likewise, rescaling 92 can be used to simulate the performance of another 
type of display such as a CRT. The emitted luminance of the LCD is a function of 
the luminance of the light source 30 and the transmittance of the light valve 26. 
As a result, the appropriate attenuation of the light from a light source to simulate 
the output of a CRT is expressed by: 



where: LS attenuation (CV)= the attenuation of the light source as a function of 
the digital value of the image pixel 
L CRT = the luminance of the CRT display 
L LCD = the luminance of the LCD display 
V d = an electronic offset 
y = the cathode gamma 

The attenuation necessary to simulate the operation of a CRT is nonlinear 
function and a look up table is convenient for use in rescaling 92 the light source 
luminance according to the nonlinear relationship. 

If the LCD and the light sources 30 of the backlight 22 have the same 
spatial resolution, the dynamic range of the LCD can be extended without concern 
for spatial artifacts. However, in many applications, the spatial resolution of the 
array of light sources 30 of the backlight 22 will be substantially less than the 
resolution of the LCD and the dynamic range extension will be performed with a 
sampled low frequency (filtered) version of the displayed image. While the human 
visual system is less able to detect details in dark areas of the image, reducing the 
luminance of a light source 30 of a backlight array 22 with a lower spatial 
resolution will darken all image features in the local area. Referring to FIG. 5, in a 
third technique of dynamic range extension 100, luminance attenuation is not 
applied if the dark area of the image is small or if the dark area includes some 
small bright components that may be filtered out by the low pass filtering. In the 
third dynamic range extension technique 100, the luminance is extracted 76 from 
the image data 72 and the data is low pass filtered 78. Statistical information 
relating to the luminance of pixels in a neighborhood illuminated by a light 
source 30 is obtained and analyzed to determine the appropriate illumination level 
of the light source. A data processing unit determines the maximum luminance of 
pixels within the projection area or neighborhood of the light source102 and 
whether the maximum luminance exceeds a threshold luminance 106. A high 
luminance value for one or more pixels in a neighborhood indicates the presence 
of a detail that will be visually lost if the illumination is reduced. The light source 
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is driven to full illumination 108 if the maximum luminance of the sample area 
exceeds the threshold 106. If the maximum luminance does not exceed the 
threshold luminance 106, the light source driver signal modulates the light source 
to attenuate the light emission. To determine the appropriate modulation of the 
light source, the data processing unit determines the mean luminance of a 
plurality of contiguous pixels of a neighborhood 104 and the driver signal is 
adjusted according to a rescaling relationship included in a look up table 1 10 to 
appropriately attenuate the output of the light source 30. Since the light 
distribution from a point source is not uniform over the neighborhood, statistical 
measures other than the mean luminance may be used to determine the 
appropriate attenuation of the light source. 

The spatial modulation of light sources 30 is typically applied to each frame 
of video in a video sequence. To reduce the processing required for the light 
source driving system, spatial modulation of the backlight sources 30 may be 
applied at a rate less than the video frame rate. The advantages of the improved 
dynamic range are retained even though spatial modulation is applied to a subset 
of all of the frames of the video sequence because of the similarity of temporally 
successive video frames and the relatively slow adjustment of the human visual 
system to changes in dynamic range. 

With the techniques of the present invention, the dynamic range of an LCD 
can be increased to achieve brighter, higher contrast images characteristic of 
other types of the display devices. These techniques will make LCDs more 
acceptable as displays, particularly for high end markets. 

The detailed description, above, sets forth numerous specific details to 
provide a thorough understanding of the present invention. However, those skilled 
in the art will appreciate that the present invention may be practiced without these 
specific details. In other instances, well known methods, procedures, 
components, and circuitry have not been described in detail to avoid obscuring the 
present invention. 

All the references cited herein are incorporated by reference. 



The terms and expressions that have been employed in the foregoing 
specification are used as terms of description and not of limitation, and there is no 
intention, in the use of such terms and expressions, of excluding equivalents of 
the features shown and described or portions thereof, it being recognized that the 
scope of the invention is defined and limited only by the claims that follow. 
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